ABSTRACT In this paper, an adaptive backstepping scheme based on sliding mode control method is presented for attitude and altitude tracking control of a coaxial octorotor. The dynamical model of the coaxial octorotor is presented and according to design nature of the control scheme, the dynamical model is divided into three cascaded units: 1) under-actuated unit; 2) fully actuated unit; and 3) rotors thrust force unit. Adaptive backstepping control is then designed for all three units by means of a recursive process using sliding surfaces. The proposed scheme not only stabilizes the given system but also tracks the desired trajectory without any significant tracking error. The stability analysis of the complete system is presented using a Lyapunov stability theory. The results demonstrate the effectiveness of the proposed controller and also show that the proposed controller manages to attain good tracking performance with stabilization of octorotor.
I. INTRODUCTION
During the last decade, Unmanned Aerial Vehicle (UAV) research has witnessed a paradigm shift from conventional UAV to Multirotor UAV (MUAV). The research fraternity has shown substantial interest in MUAV design and control domain. The key reasons behind this are its structural simplicity and cost effectiveness. Moreover, the enhanced reliability feature and compactness are also unavoidable. However, the aforementioned advantages cost high complexity level in controller design since MUAV(s) are highly coupled underactuated nonlinear systems. MUAV(s) have different configurations with respect to number of rotors and shape, among which quadrotor is the most commonly used configuration. Though quadrotor usage is not a wise choice in applications that require high lifting power, high payload, and fail-safe flight in harsh environment. However, these shortcomings can be avoided by using MUAV(s) with large number of rotors such as octorotor. Octorotor encompasses all the basic advantages of quadrotor along with additional features like
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Numerous linear and nonlinear control techniques have so far been proposed for various MUAV configurations including four rotor hover vehicle [1] , [4] quadrotor [5] and octorotor [6] , [7] among others. However, linear controllers are based on linearized models and have not been proved efficient in inhospitable environment and for fail-safe operations. Various nonlinear controllers have been applied by the researchers for an improved MUAV control among which sliding mode control (SMC) and backstepping control proved efficient. SMC is the most easily applicable nonlinear control technique [8] . Bouabdallah and Siegwart [9] introduced SMC to address the attitude control problem of the quadrotor. The controller exhibited satisfactory simulation results but average flight performance due to chattering phenomena. Xu and Ozguner [10] modeled quadrotor as cascaded underactuated systems and applied SMC with and without parametric uncertainties and achieved good simulation results. Bouadi and Tadjine [11] considered nonholonomic and physical constraints in system dynamics and proposed SMC for quadrotor system model. Lee et al. [12] provided comparison of adaptive SMC and feedback linearization controller (FLC). Simulation results showed that adaptive SMC exhibited efficient performance in noisy environment as compared to FLC. Luque-Vega et al. [13] proposed robust block second order SMC with embedment of super twisting algorithm to address the trajectory tracking control problem and compared simulation results with pioneer work of [9] . Backstepping is another well-recognized nonlinear control method, especially for control of underactuated systems. Initially Bouabdallah and Siegwart [9] applied backstepping control for quadrotor and compared its performance with SMC. The simulation results showed that backstepping control provided better performance than SMC. Madani and Benallegue [14] modified nonlinear dynamics of quadrotor and proposed backstepping control for step wise underactuated, fully actuated, and propeller system. The simulation results exhibited good stabilization and tracking performance. Das et al. [15] applied backstepping control on Lagrangian form dynamics of quadrotor. Huang et al. [16] addressed the trajectory tracking problem of quadrotor subjected to vehicle mass uncertainty using backstepping approach. Although backstepping is an efficient method for nonlinear system control and it provides fast convergence rate with an ability to handle external disturbances. Nevertheless, backstepping lacks robustness which may lead to instability resulting in failure. To address this issue several hybrid backstepping control techniques have been introduced by the researchers. For instance Colorado et al. [17] used hybrid backstepping control with Frenet-Serret theory to address the stabilization and attitude tracking problem of a commercial quadrotor, the Dragan Flyer. Ha et al. [18] proposed passivity based adaptive backstepping control of mixed type quadrotor and evaluated the performance using experimental flights.
Although coaxial octorotor has commercially been available for more than half decade in market, but literature analysis reveals that only a handful of research work has been done on octorotor control. Colorado et al. [7] proposed dynamical model of coaxial octorotor and implemented PID controller for attitude tracking problem. The simulation and experimental results were not quite satisfactory as the octorotor was fixed on a ball joint to allow only rotational motion. Peng et al. [6] claimed to develop the first dynamical model of the coaxial octorotor. They proposed robust backstepping sliding mode controller (BSMC) and used radial basis function network (RBFN) to estimate the system uncertainties. However, only attitude tracking problem was addressed and proposed BSMC controllers were designed separately for roll, pitch and yaw channels instead of a single BSMC for attitude and altitude control of octorotor. Peng et al. [19] also proposed variable structure and variable coefficient PID (VSVCPID) anti-windup control for yaw channel to prevent actuator saturation and verified the proposed algorithm with numerical simulations and experiments. Saied et al. [20] presented fault tolerant control (FTC) control strategy in case of rotor failure in coaxial octorotor. The FTC comprised of a nonlinear observer and an inference model to detect and isolate the faulty rotor, and a recovery algorithm to compensate the loss of faulty rotor to maintain a stable flight. Saied et al. [21] proposed fault diagnosis strategy based on second order sliding mode observer (SOSMO) and modified super-twisting algorithm. The proposed strategy was tested using simulations and experiment. Saied et al. [22] extended the previous work and presented FTC strategy for multiple rotors failure based on offline control mixing and nonlinear sliding mode observer. The proposed solution was computationally efficient and fast as compared to the previous one. The proposed strategy was tested for octorotor up to four rotor failures.
In this work adaptive backstepping sliding mode control (ABSMC) is introduced to address the attitude and altitude tracking problem of the coaxial octorotor. First, dynamic model of octorotor is developed using Newton's and Euler's equations. Afterwards, the dynamical model is modified and is divided into three units i.e. fully actuated unit, under actuated unit and input force (thrust) unit. A backstepping controller based on SMC is designed using Lyapunov candidate functions by recursion process for overall system. The stability of each unit and overall system stability is guaranteed using Lyapunov stability theory. To the best of authors' knowledge, the proposed controller is the first nonlinear controller to address the attitude and altitude tracking problem of the coaxial octorotor. The controller is tested on coaxial octorotor and simulation results are provided to demonstrate the effectiveness of the proposed controller.
The rest of the paper is structured as follows. Dynamic model of the coaxial octorotor is presented in Section II. Section III provides insight of adaptive backstepping sliding mode controller design. Simulation results and discussion is provided in Section IV. Finally, concluding remarks are presented in Section V.
II. DYNAMIC MODEL OF COAXIAL OCTOROTOR
The octorotor comprised of eight rotors, organized as four pairs of coaxial rotors attached at the ends of a cross frame structure, as shown in Figure 1 . The rotor speed is ω i and thrust of each rotor in the direction of the rotor axis is T i where i = 1, 2, . . . , 8. Each rotor in the coaxial pair rotates in the opposite direction. Moreover, the adjacent rotors also rotate in opposite direction. Therefore rotors 1, 4, 5, 8 rotate in clockwise direction and rotors 2, 3, 6, 7 rotate in counter clockwise direction. The variation in speed of the front right pair of rotors (3, 4) as compared to the back left pair of rotors (7, 8) causes the octorotor to move around the pitch axis. The roll movement is achieved by speed difference of front left rotors (1, 2) with respect to back right rotors (5, 6) . The Yaw movement is obtained by speeding up or down the clockwise rotors (1, 4, 5, 8) with the same speed but in opposite direction for the counter clockwise rotors (2, 3, 6, 7) . The altitude motion is obtained when speed of all of the rotors is varied together with same magnitude. The translation motion is achieved by combination of pitch and roll movement. 
where R r is transformation matrix and given as
The rotational dynamics of octorotor are derived using Euler's equation for rigid body dynamic, which is given as
where J is the inertia matrix, T a is aerodynamic friction torqueand is an external torques vector given as:
where l cg is the distance between rotor and center of gravity, K r is the aerodynamic coefficient, T i = kω 2 i is the rotors' thrust, Q i = bω 2 i is the aerodynamic drag, k is the lift constant and b is the drag constant. In order to determine rotational equations of motion in the body frame, equation (3) can be rewritten aṡ
The linear motion of the octorotor in inertial frame is given by Newton's second law
where thrust force, F t and aerodynamic force, F a are given as
Equation (8) can be written as
where R t is rotation matrix from the body frame to the inertial frame, T B is total body thrust, K t is the aerodynamic friction coefficient, and G is gravity vector and are given as (11) , as shown at the top of the next page. The overall dynamical model of octorotor using equations (1), (7) and (10) can be written as:
III. ADAPTIVE BACKSTEPPING SLIDING MODE CONTROL DESIGN
In this section, adaptive backstepping control approach based on SMC is presented to address the attitude and altitude control problem of the coaxial octorotor. The control diagram is shown in Figure 2 . The adaptive backstepping is a recursive process in which a system is split into cascaded systems or nested loops and then step wise adaptive control design is applied. The design approach is to start stabilization from the simple cascaded system or the inner loopusing Lyapunov stability theorem and then ''back step'' to the outer loops or other cascaded systems until the control input is obtained.
To design the ABSMC scheme, the dynamical model of the coaxial octorotor is divided into three units:
(i) Under actuated unit (with roll, pitch, and x, y positions as state vectors).
(ii) Fully actuated unit (with yaw and z position as state vectors).
(iii) Rotor force (thrust) unit. The system states for the above mentioned units are defined as
The dynamics of the octorotor defined in equation (12) are now redefined according to the states defined in equation (13) as follows:
where the matrices g 1 , w 1 , g 2 , and w 2 are defined as (15) , as shown at the top of the next page. The vectors f 1 and f 2 are defined as
The objective is to design control of coaxial octorotor such that the system outputs (ξ, η) track the desired trajectory and error converges to zero asymptotically. The control design process is divided into following five steps.
A. STEP 1
The tracking error vector for the under actuated unit is defined as following:
The first Lyapunov candidate function is selected as
The derivative of V 1 is given aṡ
The stabilization of e 1 requiresV 1 < 0, therefore the first virtual control input α 1 is introduced as
where A 1 ∈ R 4×4 is a positive definite gain matrix. Substituting α 1 from equation (21) , the equation (20) becomeṡ
Thus e 1 is guaranteed to converge to zero asymptotically.
B. STEP 2
In this step, the under actuated unit is modified into following virtual systeṁ
where α 2 is the second virtual control input. The sliding surface for this virtual system is defined as
where
The Lyapunov function for this step is considered as
The derivative of V 2 is given aṡ
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The sliding surface can be stabilized by introducing following virtual control input
where γ 1 is an adaptive gain matrix and 1 is a positive definite gain matrix. The substitution of virtual control input α 2 into equation (26) resultṡ
Thus e 1 and s 1 are guaranteed to converge to zero asymptotically and the under actuated unit is asymptotically stable.
C. STEP 3
For fully actuated unit, the tracking error is defined as
The derivative of V 3 is given aṡ
The stabilization of e 2 requiresV 3 < 0, therefore the third virtual control input α 3 is considered as
where A 2 ∈ R 2×2 is a positive definite gain matrix. Substituting α 3 from equation (32), the equation (31) becomeṡ
Thus e 2 is guaranteed to converge to zero asymptotically.
D. STEP 4
In this step, the fully actuated unit is modified to following virtual systeṁ
where α 4 is the fourth virtual control input. The sliding surface for this virtual system is defined as
The derivative of V 4 is given aṡ
The sliding surface vector can be stabilized by introducing following virtual control input
where γ 2 is an adaptive gain matrix and 2 is a positive definite gain matrix. The substitution of virtual control input α 4 into equation (38) resultṡ
Thus e 2 and s 2 are guaranteed to converge to zero asymptotically and the fully actuated unit is asymptotically stable.
Remark 1:
The Levenberg-Marquardt algorithm (LMA) is used to update adaptive gains γ 1 and γ 2 . The cost functions according to the sliding surface are defined as
The LMA is defined as following to update the adaptive gain
where γ i is adaptive gain matrix, ζ mi (γ i ) is the error matrix, J T a (γ i ) is the Jacobian matrix of ζ mi (γ i ), I a is identity matrix, λ is variable parameter and
The adaptive gain matrix continues to update until the cost function E i is optimized.
E. STEP 5
The tracking error for external force thrust is defined as
Using expressions forṡ 1 andṡ 2 defined in equations (26) and (37), the following can be derived from equation (40)
Now the equation (40) can be written as
The Lyapunov function for the complete dynamical model is given as
where J 1 and J 2 are Jacobian matrices of w 1 and w 2 and are given as
The complete model can be stabilized by introducing the following control law
where A 3 ∈ R 6×8 is positive definite gain matrix. Substituting the control law in equation (43) results iṅ
Hence it showed that the proposed adaptive backstepping control based on SMC not only tracks the desired reference trajectory but also guarantees the asymptotic stability.
IV. RESULTS
In this section performance of the proposed ABSMC controller is evaluated on simulation model of indigenously built coaxial octorotor. The parameters of coaxial octorotor are given in Table 1 .
Two cases of simulations are presented in this work to demonstrate the performance of the proposed control scheme. In the first case, step response of the coaxial octorotor is obtained and in the second case trajectory tracking performance of coaxial octorotor is studied for a given reference trajectory. The following values have been selected for controller parameters. 
FIGURE 3.
Step response of the coaxial octorotor.
A. CASE 1
In the first case, a step input of amplitude 1 meter is selected for x, y, and z positions and 1radian is selected for yaw channel. The step response of the coaxial octorotor is shown in Figure 3 and error response is shown in Figure 4 , respectively. It is clear that systems' outputs reached to the desired levels with smooth transient and steady state responses. A time delay can be observed in x and y position which is because the octorotor needs to attain some height (in z-axis) before it can follow the other reference trajectories. Roll and pitch responses are the result of combined x and y motion which were also smooth and became zero after octorotor reached to the desired position. The rotors' thrust is shown in Figure 5 . It is clear that the desired control inputs are practically acceptable and can be provided in an experimental system.
B. CASE 2
In the second case, sinusoidal inputs of 0.5 meter are selected for x and y positions with phase difference of 90 • (i.e. circular motion in xy direction with radius 0.25 meter), reference altitude (z-axis) is selected as 5 meters, and no reference input is selected for the yaw channel. Output response of the coaxial octorotor in 3D is shown in Figure 6 . It is clear that octorotor attains some altitude before it starts to track the remaining desired input trajectories. The tracking response and error responses are shown in Figure 7 and 8, respectively. The responses clearly state that the proposed controller not only stabilizes the octorotor but also tracks the desired trajectory with error in an acceptable range. The time delay in altitude is the practical time required by octorotor to reach 5meters height. The zero error in yaw channel shows that the proposed control scheme manages to avoid the undesired yaw motion which is the required feature in many surveillance applications. The resulting roll and pitch motions are also smooth and are within practical limits. The rotors thrust inputs are shown in Figure 9 . It can be seen that the calculated thrust inputs are within limits and are practically realizable. The results exhibit that the proposed ABSMC scheme achieves good stabilizing and tracking performance for desired reference trajectory and produces the realizable control inputs.
V. CONCLUSION
In this paper, sliding mode control based adaptive backstepping design is proposed for attitude and altitude tracking control of coaxial octorotor. First, the dynamical model of the coaxial octorotor is presented. Then, the dynamical model is divided into three units i.e. under actuated, fully actuated, rotors thrust force units to design recursive adaptive backstepping scheme based on sliding mode control. The Lyapunov stability theorem is used to provide the stability analysis of the complete system. The LMA is used to update adaptive gains used in the proposed controller. Simulation results verify that the proposed control scheme not only stabilizes the octorotor but also tracks the desired reference trajectory without observable error. Future work involves estimation of unmodeled dynamics and augmentation of wind observer for improved flight stability in harsh environments. 
